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Abstract
The single Majoron emitting neutrinoless double beta decay (0νββB) of 100Mo was studied by means of ELEGANT V.
A stringent lower limit on the half life was obtained as T 0νββB1/2 > 5.8(11)×1021 yr at 90% (68%) C.L. The limit on the coupling
constant |〈gB 〉|was discussed in terms of the several nuclear models. The limit lies between 6.3×10−5 and 3.6×10−3.
 2002 Elsevier Science B.V.
1. Introduction
Double beta (ββ) decays are of current interest
from both astroparticle physics and nuclear physics
view points [1–7]. Neutrinoless double beta decays
(0νββ), which violate the lepton number conservation
law by L = 2, provide quite stringent tests for
properties of neutrinos and weak interactions beyond
the standard electroweak model (SM) of SUL(2) ×
U(1). Actually, 0νββ is very sensitive to the Majorana
neutrino mass, the right-handed weak currents, the
Majoron neutrino coupling, the SUSY particle masses
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associated with the R-parity violating interactions and
so on [8,9].
Gelmini and Roncadelli proposed the neutral Ma-
joron (χ0) as a neutral component of the triplet Higgs
boson [10]. However, precise measurements of the Z
boson width for decay into invisible particles at LEP
shows that the number of light neutrino species is
three. The new Majoron models consistent with the
LEP measurements were proposed. One can find nine
Majoron models in the current theoretical literature
[11,12]. In the present Letter, we focus our attention
on the single Majoron emitting ββ (0νββB) decay
of 100Mo.
The 0νββB decay ((A,Z)→ (A,Z + 2) + e− +
e− + χ ) provides a sensitive test for the Majoron
neutrino coupling constant. The decay probability of
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the 0νββB decay is written as,
(1)[T ββB1/2 ]−1 = |〈gB〉|2
∣∣M0νB
∣∣2GB,
where |〈gB〉| is the coupling constant, GB is the phase
space integral, M0νB is the nuclear matrix element for
Majoron emitting neutrinoless double beta decay. The
phase space integral GB is expressed as,
(2)GB ∝
∫
(Qββ −E1 −E2)n
∏
k
pkEkF (Ek) dEk,
where Qββ is maximum decay energy, Ek and pk ,
(k = 1,2) are the kinetic energies and the momenta
of electrons and F(E) is the Fermi function [13]. The
shape of sum energy spectrum of two electrons de-
pends on the spectral index n; in case of 0νββB decay,
the spectral index is proposed as n= 1 and n= 3.
Experimental and theoretical studies of 0νββ 0νββB
and 2νββ have been recently made as given in review
articles [3–7]. Stringent limits on 0νββ half lives are
obtained for 76Ge, 116Cd, 130Te, and 136Xe by means
of calorimetric measurements [14–19], and those for
100Mo, 116Cd, and 150Nd by means of spectroscopic
measurements [20–23]. In the previous work, the most
stringent limits on the 0νββ processes for 100Mo were
obtained by the spectroscopic (exclusive) measure-
ments with ELEGANT V (EL V: ELEctron GAmma-
ray Neutrino Telescope) [20,24,25]. It is noted that
spectroscopic studies of energy and angular correla-
tions are crucial to identify the terms responsible for
0νββ .
The many works has been carried out for the case
n = 1 and recently, the case n = 3 was discussed by
NEMO-2 group [21]. We will discuss only about the
case n = 1, because the sum energy spectrum of two
electron for n= 3 is quite similar to the one for 2νββ .
2. Experimental procedures
The detector system ELEGANT V consists of the
three drift chambers (DC-A, B and C), the plastic
scintillator (PL) array and the NaI(Tl) array as shown
in Fig. 1.
The drift chambers measure the tracks of beta
rays. The central drift chamber (DC-C) was used to
detect delayed α-rays emitted from 214Po, which were
followed by the β decays of 214Bi in the Mo source
Fig. 1. The schematic side view of ELEGANT V. The left side of
the shield is opened in this figure to show inside [24].
region. The plastic detector (PL) array measures the
energy and the arrival timing of beta rays. The NaI(Tl)
detector array measures the X rays and γ rays to
identify the ββ rays and reject backgrounds.
Two 100Mo source films, each with 20 mg/cm2 in
thickness, 0.7 m × 0.7 m in area and the total mass
171 g, were set in DC-C, as shown in Fig. 1. They were
enriched to 94.5% in 100Mo and were purified to the
level below 0.5 ppb for 238U and 232Th contaminants.
The number of 100Mo isotopes is 1.03× 1024.
The whole detector system was installed into an
air-tight container and was covered with 10 cm thick
OFHC (oxygen-free high conductive) copper bricks
and 15 cm thick lead bricks. The Rn-free nitrogen gas
was flushed into the container to purge out the Rn gas
near the detector components.
The unique features of the present work by EL V
are listed below. (1) Energy and angular correlations of
two β rays are measured to select the 0νββB process
feeding the 0+ ground state in 100Ru. (2) 100Mo has
the large phase space factors for ββ decays because
of the large Q values. Furthermore, the 2νββ matrix
element is known to be large from the previous work
[20,26]. (3) Origins of the background events are well
identified by the β(e) and γ correlation measurements,
and thus their contributions are corrected for.
PL’s and NaI’s were calibrated by γ rays from 22Na
[27]. The accuracy of the absolute energy in PL’s is
0.46%, which was tested by the photo peak in the
sum energy spectrum of both PL and NaI for 511 keV
and 1275 keV γ rays. The energy, position and time
resolutions in FWHM for PL’s are typically 125 keV,
45 mm and 0.2 nsec at 1 MeV, respectively. The
position resolution of DC is 200 µm, while the vertex
position resolution on the source plane is 10 mm ×
10 mm because of multiple scattering effects.
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3. Results and analyses
Measurements for 0νββB of 100Mo were carried
out for 7333 hours at Kamioka underground laboratory
[20], and for 7581 hours at Oto Cosmo Observatory.
The sum energy spectrum was obtained by selecting
the events with the following conditions. (1) There are
two signals from two plastic scintillators, indicating
two energy signals from double beta decays. (2) There
are such signals from DC’s that indicate ββ tracks
from the same vertex point, i.e., the same nucleus
on the source planes. (3) There are no γ ray signals
from NaI detectors. (4) In the off-line data analysis,
the β ray energy threshold was set at 150 keV to
remove low energy backgrounds. (5) The beta rays
with |180◦ − θ |< 30◦ with θ being the angle between
the two beta ray tracks are rejected to avoid single β
or electrons passing through the source plane. (6) The
time difference between two PL’s should be consistent
with the flight time estimated by trajectories in DC’s.
(7) Rejection of electron events followed by delayed α
events.
The obtained sum energy spectrum (E1 + E2) of
the two β rays is shown in Fig. 2. Background (BG)
contributions from the natural radioactive contamina-
tion were estimated. The 214Bi and the 208Tl are two
major isotopes which cause background events. These
Fig. 2. Closed circles: the sum energy spectrum (E1 + E2) for the
electron events. The length of the vertical bar shows the error (1σ ).
Solid line: the contributions of 2νββ. Histogram: the background
from U- and Th-chain. Dashed line: the 2νββB which corresponds
to the upper limit of half life T1/2 = 5.8× 1021 yr.
isotopes are descendants of 238U- and 232Th-chain iso-
topes contained in the source film and the detector el-
ements. The 214Bi is produced also from 222Rn con-
tained in the air around the source. The total amounts
were evaluated from the single β event rates in coinci-
dence with characteristic γ rays from the decays. The
obtained concentrations are listed in the Ref. [20].
On the basis of the estimated amounts of the 214Bi
and 208Tl isotopes, Monte Carlo calculations were
carried out to evaluate the BG (fake) event rates
associated with these isotopes. The major background
events come from the β and conversion electrons,
single β and the Compton electron passing through
the source film. The events of 2νββ decay is also
the background for the decays of 0νββB . The energy
spectrum of 2νββ was evaluated by Monte Carlo
simulation with the measured half life (T 2νββ1/2 =
1.15+0.3−0.2 × 1019 yr). The energy spectrum and the
detection efficiency of 0νββB (n = 1) was also
calculated by Monte Carlo simulation. The simulated
event number for 0νββB was 100000 events. The
estimated spectrum for BG from the RI contaminants
and 2νββ are shown in Fig. 2.
The observed data are well reproduced by the sum
of the BG and 2νββ , indicating no contributions of
0νββB beyond statistical errors. To obtain the upper
limit on the 0νββB decay rate, the method proposed
by O. Helene was carried out [28], because the
background at Oto was much different from the one
at Kamioka. The detail of the analysis by this method
was described by our previous Letter [7]. The analyzed
energy region was between 2.1 MeV and 2.9 MeV. The
errors of 2νββ was taken into account. As a result, the
upper limit on the half life of 0νββB was determined
as 5.8(11)× 1021 yr at 90% (68%) C.L.
4. Discussion
The upper limit on the Majoron coupling constant
|〈gB〉| is calculated by using Eq. (1). However, the
nuclear matrix element |M0νB | has the large model
dependence. Table 1 shows the results of |〈gB〉| by
using the several proposed values of |M0νB |2GB . The
present result is one of the best upper limit on |〈gB〉|
up-to-date obtained in the exclusive double beta decay
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Table 1
The calculated lower limits on |〈gB 〉| at 90% (68%) C.L. by using
the various models
|M0ν
GT
|2GB |〈gB 〉| × 10−5 Reference
1.79× 10−14 9.7(7.2) [5]
3.85× 10−14 6.7(4.9) [29]
1.33× 10−17 359(267) [30]
1.21× 10−14 12(8.8) [30]
4.25× 10−14 6.3(4.7) [31]
Table 2
Experimental limits on the half life and on the Majoron coupling
constant (90% C.L.). The limits of other experimental groups were
also listed. They were calculated by using the QRPA nuclear matrix
element [29]
Nucleus T 0νββB1/2 (yr) |〈gB 〉| Reference
100Mo 5.8× 1022 6.3× 10−5 This work
100Mo 6.0× 1020 2.2× 10−4 [21]
76Ge 6.4× 1022 8.3× 10−5 [16]
136Xe 7.2× 1021 1.7× 10−4 [19]
150Nd 2.8× 1020 1.1× 10−4 [23]
experiment. The experimental results by the other
nuclei and methods are listed in Table 2.
5. Conclusion
We measured the 0νββB with the spectral index
n = 1 of 100Mo by ELEGANT V. Our method was
the exclusive method which measured the energies,
the tracks and the timing of two electrons. The
most stringent lower limits with 90% (68%) C.L.
on the 0νββB half life was obtained as T 0νββB1/2 >
5.8(11) × 1021 yr. This upper limit leads to the
stringent lower limit on Majoron-neutrino coupling
constant as |〈gB〉|< 6.3× 10−5 ∼ 3.6× 10−3.
In order to study with the higher sensitivity, a new
project MOON (Molybdenum Observatory Of Neu-
trino) has been proposed by MOON Collaboration [32].
It is shown that the spectroscopic method for two beta
rays from 100Mo is used to study two types of the low
energy neutrino [32]. One is for the exclusive mea-
surement of the Majorana neutrino mass to the level
of 0.03 eV. The other is for the real-time studies of
the low energy solar neutrino with specified neutrino
sources of pp, 7Be and 8B neutrinos. Research and de-
velopment for MOON is now under progress.
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